Abstract. Thermal buckling and postbuckling of functionally graded carbon nanotube-reinforced composite (FG-CNTRC) beams are investigated in this paper based on Timoshenko beam theory within the framework of von Kármán geometric nonlinearity. The material properties of FGCNTRCs are assumed to be temperature-dependent and vary in the beam thickness direction. The governing equations are derived by employing Hamilton's principle then discretized by using differential quadrature (DQ) method. An iterative scheme is used to obtain the critical buckling temperature and nonlinear thermal postbuckling equilibrium path of the FG-CNTRC beam. Numerical results are presented for FG-CNTRC beams hinged or clamped at both ends, with particular focuses on the effects of the volume fraction of carbon nanotubes (CNTs), slenderness ratio, and end supports on the thermal buckling and postbuckling characteristics.
Introduction
Due to their extraordinary mechanical and thermal properties, CNTs are considered to be excellent reinforcements for high performance structural composites. In comparison with carbon fibrereinforced composites, carbon nanotube-reinforced composites (CNTRCs) have the advantages of significantly increased strength and stiffness. However, distributing CNTs uniformly in the matrix can achieve moderate improvement in mechanical properties only [1] . By introducing the concept of functionally graded materials (FGMs), Shen [2] proposed functionally graded CNTRC (FGCNTRCs) in order to further improve the mechanical properties of CNTRCs. The concept of FGCNTRCs was subsequently supported by the successful fabrication of functionally graded CNTreinforced aluminium matrix composites through a powder metallurgy route [3] .
For FG-CNTRCs under axial compressive force, Yas and Samadi [4] studied the buckling of FG-CNTRC beams resting on an elastic foundation. Wattanasakulpong and Ungbhakorn [5] indicated that the CNTRC beam with CNTs distributed close to surfaces is the strongest in resisting buckling loads. Rafiee et al. [6] found that the CNTRC beam with intermediate CNT volume fraction does not have intermediate buckling temperature. Wu et al. [7] revealed that the sandwich beam with FG-CNTRC face sheets exhibits better buckling performance than the beam with face sheets where the CNTs are uniformly distributed (UD-CNTRC).
In the present study, the thermal buckling and postbuckling of FG-CNTRC beams with temperature-dependent material properties are investigated. The governing equations are derived using Hamilton's principle. The differential quadrature (DQ) method combined with an iteration procedure is utilized to obtain the critical buckling temperature and thermal postbuckling response. Comprehensive numerical results are presented to determine the influences of CNT distribution pattern and volume fraction, slenderness ratio, and boundary condition on the thermal buckling and postbuckling behaviours. The results of UD-CNTRC beams are also provided for a comparison.
Theoretical Formulations
Material Properties of CNTRCs. It is assumed the CNTRC is made from a mixture of singlewalled carbon nanotubes (SWCNTs) and an isotropic matrix. According to the extended rule of mixture, the effective material properties of CNTRCs are given as [2] 
where U and W are the longitudinal and transverse displacement components in the mid-plane; ψ denotes the rotation of the beam cross-section about the y-axis. Using Hamilton's principle together with Eq. (5), the governing equations of the CNTRC beam including the thermal effect can be obtained as 
the shear correction factor κ = 5/6; 13 12 G G = which is given in Eq. (1). The thermal force and moment resultants due to a uniform temperature rise T ∆ are given by
where 0 T T T ∆ = − . The reference temperature 0 T is set as room temperature, i.e. 0 T = 300 K. The hinged-hinged (H-H) and clamped-clamped (C-C) beams with immovable ends are considered, with the following boundary conditions
Solution Procedure. Based on the DQ rule, the unknown displacement components and their kth derivatives with respect to x can be approximated as 
where the unknown vector
stiffness matrices while elements in NL1 K and NL2 K are linear and quadratic functions of the unknown vector d, respectively. Vector R is due to the stretching-bending effect (i.e. 11 0 B ≠ ) and become a zero vector for the beam with symmetrical material properties or C-C boundary condition. This indicates the thermal bifurcation buckling does not exist for H-H beams with unsymmetrical material properties. Hence, in this study only those beams with symmetrical distribution of CNTs (i.e. 11 0 B = ) are considered. In this case, the critical buckling temperature and thermal postbuckling equilibrium path can be determined from Eq. (14) by an iterative scheme [8] .
Numerical Results and Discussion
The (10, 10) SWCNTs and poly (methyl methacrylate), referred to as PMMA, are selected as the reinforcements and matrix for CNTRCs. Their material properties are assumed to be temperaturedependent and can be found in [9] . The thickness of CNTRC beams in the following computations is taken to be h = 0.01 m.
Advances of Computational Mechanics in Australia
Comparison Studies. Prior to the thermal buckling and postbuckling analysis of CNTRC beams, comparison studies are conducted to validate the present formulation and solution procedure. The dimensionless critical buckling temperatures for three layered cross-ply ([0°/90°/0°]) beams are calculated and compared in Table 1 with those of Khdeir [10] . In addition, the thermal postbuckling equilibrium path for a C-C isotropic beam is compared in Fig. 1 with the theoretical solutions given by Rao and Varma [11] . The comparison studies show that the present results are in excellent agreement with the existing results. Table 2 tabulates the critical buckling temperatures for CNTRC beams (slenderness ratio L/h = 30) subjected to a uniform temperature rise. It can be found that the buckling temperature of the FGX-CNTRC beam is the highest, followed by UD-and FGO-CNTRC beams in order. The C-C beam has a significantly higher buckling temperature than the H-H beam. Also, it is noted that the buckling temperature increases with the CNT volume fraction 

Conclusions
In this paper, the thermal buckling and postbuckling analysis of CNTRC beams subjected to a uniform temperature rise is presented based on Timoshenko beam theory. The critical buckling temperature and thermal postbuckling response are obtained using DQ method combined with an iteration procedure. A parametric study is carried out to examine the effects of volume fraction and distribution type of CNTs, slenderness ratio, and boundary condition on the thermal buckling and postbuckling behaviours of CNTRC beams. The results show that the distribution type of CNTs has a significant influence on the critical buckling temperature and thermal postbuckling equilibrium path, whereas the effect of CNT volume fraction is relatively less pronounced. It is also found that the CNTRC beam with intermediate CNT volume fraction does not have intermediate critical buckling temperature and thermal postbuckling strength.
